Abstract: The plant metallothionein2 from <i>Cicer arietinum</i> (chickpea), cic-MT2, is known to coordinate five divalent metal ions such as ZnII or CdII, which are arranged in a single metal thiolate cluster. When the ZnII form of the protein is titrated with CdII ions in the presence of sulfide ions, an increased CdII binding capacity and concomitant incorporation of sulfide ions into the cluster are observed. The exact stoichiometry of this novel cluster, its spectroscopic properties, and the significantly increased pH stability are analyzed with different techniques, including UV and circular dichroism spectroscopy and calorimetric assays. 
The Cd--glutamyl peptide complexes of fission yeast, Schizosaccharomyces pombe, were the first, in which an additional incorporation of sulfide ions was observed. 4 Two different complexes can be isolated from S. pombe, a high molecular weight complex containing sulfide ions, Cd 5.4 S[(-EC) 3 G] 4 , next to a smaller amount of a sulfide-free low molecular mass complex, Cd 1. 8 [(-EC) 3 G] 2 . 4, 5 The high molecular mass complex can be transformed into the low molecular mass complex by acidification and re-neutralization, which removes the labile sulfide ions in form of hydrogen sulfide. In vitro treatment of the low molecular mass complex with Na 2 S and Cd :(-EC) 3 G ratio of 1.8:1:1. 4 Incorporation of sulfide ions into Cd II -thiolate clusters causes a red-shift of the clusterspecific ligand-to-metal charge transfer (LMCT) bands observed in the UV spectra from 250 nm in the sulfide-free complexes to ~265 nm or even ~310 nm for the sulfide containing complexes found in vivo and prepared in vitro as described above, respectively. It was also shown that increasing CdCl 2 concentrations in the growth media (up to 2 mM) lead to a linear increase of the cellular sulfide production and shift the ratio of the two in vivo produced PC complexes towards the high molecular mass complex. 6 Hence, the incorporation of sulfide ions can be directly linked to increased Cd II binding capacity of PCs in yeast, probably enhancing the effectiveness of the detoxification system. In addition, sulfide ions were shown to increase the thermodynamic as well as the pH stability of the Cd--glutamyl peptide complexes. 7 A more detailed analysis of the in vitro complex with the Cd II :S 2 ratio of 1.8:1 revealed the formation of nearly monodisperse particles with a diameter of ~18 Å. 8 They contain a crystallite CdS core and show an X-ray diffraction pattern closely similar to the six coordinate rock-salt structure. This is remarkable considering that naturally occurring CdS adopts a four coordinate zinc-blende structure and only converts to the rock-salt structure at high pressure.
Similar to S. pombe also plants produce low and high molecular weight Cd-PC complexes depending on the respective growth conditions. Sulfide ions were analogously identified mainly in the higher molecular weight complexes, i.e. in Lycopersicon esculentum (tomato), Silene cucubalus (bladder campion), Brassica juncea (indian mustard), and Rauvolfia serpentina (snakeroot). [9] [10] [11] [12] [13] In the latter even three different kinds of complexes varying in the Cys-thiolate:S 2 :Cd ratios were identified: a low molecular weight complex with a ratio of 3:0:1, a medium molecular weight complex with 2.5:0:1, and a higher molecular weight complex with a ratio of 1.5:0.5:1. Hence with increasing molecular weight and most importantly upon incorporation of sulfide ions, the total S:Cd II ratio is lowered. This let to the hypothesis that recruiting sulfide ions as additional ligands makes Cd II detoxification far more economic for the organism than deploying the amino acid Cys as sole ligand. 13 Additionally, as sulfide ions are formed prior to Cys in the biosynthetic assimilatory sulfate reduction pathway substituting at least a part of the Cys ligands by sulfide ions decreases the energy consumption for the synthesis of metal chelators even further.
More recently, sulfide ions were also detected in metallothioneins (MTs) from different species, when the proteins were expressed recombinantly in Escherichia coli. , and scavenging of reactive oxygen species under stress conditions. 15, 16 Metal ions are coordinated in form of metal-thiolate clusters, more recently also His coordination of divalent metal ions was observed in certain MT forms. 17, 18 Plant MTs are characterized by a high sequence diversity and accordingly are further divided into four subfamilies, designated as p1, p2, p3, and pec or p4. 16, 19, 20 Usually, representatives of all four subfamilies can be detected in a single plant showing differential expression depending among others on the tissue localisation, growth stage, and growth condition. Peculiar is the occurrence of long Cys-free amino acid stretches or linker between Cys-rich regions. 21 As observed so far and in contrast to the PC complexes, the effect of sulfide ions on the metal ion ions. In the presence of sulfide ions this binding capacity is retained, i.e. a range of 6.4 to 7.3 bound divalent metal ions was observed, while between 1.5 and 3.5 equivalents of sulfide ions are associated with the proteins. 22 When analyzed separately, however, the two domains of mouse MT4 can bind slightly more metal ions, i.e. coordination of 3. [25] [26] [27] [28] In the presence of sulfide ions, binding of 2-3 sulfide ions enables the additional coordination of 1-2 Cd were added in form of a 40.7 mM Na 2 S solution, which was standardized by iodine titration using NaIO 3 .
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After 10 min incubation at room temperature, up to 15 equivalents of CdCl 2 were added. After addition of each equivalent, the solution was incubated for 30 min at room temperature before a UV spectrum was recorded.
Preparation of the Cd/S-cicMT2 complex. The Cd/S-cicMT2 complex was prepared as described above starting from 2 mL of a 30 µM Zn 5 -cicMT2 solution. Subsequently, the sample was purified with size-exclusion chromatography (SEC) as described previously for Zn 5 -cicMT2. 29 The protein purity and the molecular weight of Cd/S-cicMT2 were examined by 12 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using the Tris-tricine buffer system. 31 Modification of samples to break up the cluster structure was carried out with 3-(bromomethyl)-2,5,6-trimethyl-1H,7H-pyrazolo(1,2-α) pyrazole-1,7-dione (monobromobimane, mBBr) without addition of EDTA or a reducing agent. 32 The stoichiometry of Cd/S-cicMT2 was determined as described below.
UV-vis and circular dichroism (CD) spectroscopic measurements. UV-vis absorption spectra
were recorded on a Cary 500 scan spectrophotometer (Agilent Technologies AG, Basel, Switzerland) over the range of 200-400 nm at room temperature at a scanning speed of 600 nm min ).
Quantification of S 2-ions in the Cd/S-cicMT2 complex. (a) 2-PDS assay: 500 µL of a SEC-
purified Cd/S-cicMT2 sample were acidified with HCl to pH 1 in order to release the coordinated MA, USA) was applied for curve-fitting of the experimental data with pK a equations as described.
35
Limited proteolytic digestion of Cd/S-cicMT2 with Tritirachium album proteinase K. Limited proteolytic digestion was performed as described previously. 29, 36 The major fraction obtained during SEC-purification of the digestion mixture was further analyzed by amino acid analysis and MALDI-TOF (matrix assisted laser desorption/ionization) mass spectrometry as reported. Analogous band shifts to higher wavelengths were also observed for thiol capped CdS particles, when the size of the clusters was increased from approximately 1.8 to 2.5 nm, which is also roughly the size range of MT structures known so far. ions, has a major influence. 42, 43 To further characterize the Cd/S-cicMT2 form a CD spectrum was taken and compared to the sulfide-free Cd (Figure 2b ) shows clearly that a certain amount of aggregation and dimerization of the protein took place (7.5-9.7 mL), but also a monomeric species is obtained (~10.3 mL). The elution times of Cd 5 -cicMT2 and Cd/S-cicMT2 are very similar, suggesting that the two species have similar hydrodynamic radii. To analyse the mass and the size of the two protein forms in more detail, after purification with SEC both were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 2a) . The silver stained gel shows a single band each for Cd 5 -and Cd/S-cicMT2 with an apparent molar mass slightly above 27 kDa (lanes 1 and 2). The difference between apparent molar masses and expected masses, i.e. 8.5
kDa for Cd 5 -cicMT2, can be explained by only partial denaturation of the protein structure with SDS, while the metal-thiolate clusters are left untouched. This results in lower charge-to-protein mass ratios with respect to the proteins used in the molar mass marker (lanes M). 29, 35 However, the metal clusters can be disrupted by thiol group modification with mBBr. 29, 32, 35 The completely denatured proteins migrate in SDS PAGE at an apparent molecular weight of ~10 kDa (lanes 3 and 4), which is in accordance with the theoretically expected molecular mass of apo-cicMT2 after modification of all 14 cysteine residues (7'969.9 Da + 14*190.2 Da = 10'632.7 Da). 
Stoichiometry of the Cd/S-cicMT2 complex. To quantify the number of sulfide ions incorporated
into Cd/S-cicMT2, the S 2 concentration was determined using a combination of three different methods ( Table 2 ). The 2-PDS assay is commonly used in MT research to determine protein concentrations via the quantification of thiolate groups. As 2-PDS undergoes the same reaction with sulfide ions, the assay can be also applied to determine the combined content of Cys thiolate groups and sulfide ions in a protein sample. Cd 
Acidified and vacuum-degassed sample. Errors are given for the 3 level. Table 2, columns 8 In an effort to determine the sulfide content, also ICP-MS with the same Cd/ScicMT2 sample after acidification and vacuum-degassing was performed, but the resulting total S content is far too low and would indicate an initial sulfide content far above 30 ions per cicMT2 molecule (Table 2 , values given in square brackets). However, the underestimation of sulfur in acidified protein samples with ICP-MS is a known problem reported previously in the literature. 26 Taken together all results with the different analytical methods (Tables 2 and 3 ), the composition of the Cd/S-cicMT2 species can be best given as Cd 8.9(2) S 7.0(5) -cicMT2 or approximately Cd 9 S 7 -cicMT2.
Effect of sulfide ions on cluster stability. To compare the pH stability of metal ion-binding of Cd 9 S 7 -cicMT2 with the one of Cd 5 -cicMT2, a pH titration was performed and the metal ion release followed with UV spectroscopy by means of the decrease of the LMCT band at 275 nm (Fig. 3 ).
Down to a pH value of ~5.5 the absorption at 275 nm shows only little changes, but decreases rapidly below 5.5. At around pH 1.0 the point of complete Cd II ion release from the protein is reached. The overall apparent pK a value of the metal-binding ligands, i.e. the Cys thiolate groups together with the S 2 ions, was determined by curve fitting of the pH titration data as described (Table 4) . 
A MT is the absorptivity of the fully metal ion-loaded protein (=A max ), A MTH n (Eq. 1) or A MTH n+m+o (Eq. 2) denote the value obtained for apo-MT after acidification (=A min ), and n, m, and o are measures for the slope of the curves.
With 2.95(3), this value is by nearly 0.5 units lower than the pK a value obtained for the Cys residues in Cd 5.2 -cicMT2, i.e. 3.439(6). 29 Hence Cd 9 S 7 -cicMT2 features a higher overall stability against pHdependent metal loss, obviously brought about by the bound sulfide ions. Similarly, the apparent pK a values of the Cd--glutamyl peptide complexes from S. pombe decreased from ~5.4 to ~3.9 upon incorporation of sulfide ions. 7 Accordingly, the pH stability of both, the sulfide-free and the 
complexes of fission yeast. Taking a closer look at the plots of molar absorptivity against the respective pH value (Fig. 3b) it is apparent that for both species the pH-dependent metal loss starts already below pH values of 5.5. Differences become apparent below approximately pH 3.5 to 3.0, especially when examining the normalized plots (Fig. 3b, inset) . While the curve for the pH titration of Cd 5.2 -cicMT2 shows a steep decrease of the absorptivity and a complete metal ion release at pH ~2, the curve for Cd 9 S 7 -cicMT2 proceeds more shallow and the lowest absorptivity value, i.e.
complete loss of Cd II ions, is reached at pH ~1. Accordingly, the metal ion release range is broader for the species containing sulfide ions, and the corresponding decreased steepness of the plot is reflected by the lower value for n in Eq. 1 used for the curve fit ( (4) is similar to the apparent pK a value of the Cys residues in Cd 5.2 -cicMT2 (3.439 (6)) and hence can be assigned to the Cys thiolate groups in Cd 9 S 7 -cicMT2. The pK a value of 2.09 (5) In order to evaluate the number and size of metal clusters formed in Cd 9 S 7 -cicMT2, an analogous digestion experiment was performed. The subsequent separation of the digestion mixture with gel filtration under non-denaturing conditions results in a broad elution profile with a major sharp peak at 12.5 mL (Fig. 2b) , the formation of just a single metal cluster in Cd 9 S 7 -cicMT2 is theoretically feasible. In addition, the Cys-free linker region in cicMT2 connecting the N-and C-terminal Cysrich regions is long enough to easily enable the accommodation of such a larger cluster without a major change in overall protein size. It should be emphasized however, that the detailed structures of both clusters in the model compound and in cicMT2 will significantly differ from each other especially considering the different amounts of sulfide ions and thiolate ligands in both compounds.
A second aspect to consider is the relatively large negative charge of the proposed Cd 9 S 7 -cicMT2 structure of -12 assuming the presence of exclusively S of the peak fraction at 12.5 mL elution volume (Fig. 2b) 4 and the in vitro reconstituted complex, as well as for the sulfide containing high molecular weight complex from the plant R. serpentina ratios of 2.4, 2.2 and 1.9, respectively, are observed. 4, 5, 13 Hence the here proposed stoichiometry is well in line with the composition of other Cd/S complexes previously described. In addition to the observation that the incorporation of sulfide ions increases the Cd 
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